Brain Struct Funct (2014) 219:193-209
DOI 10.1007/s00429-012-0494-2

ORIGINAL ARTICLE

Altered structural networks and executive deficits in traumatic

brain injury patients

K. Caeyenberghs - A. Leemans - 1. Leunissen *
J. Gooijers * K. Michiels - S. Sunaert - S. P. Swinnen

Received: 1 August 2012/ Accepted: 24 November 2012/ Published online: 12 December 2012

© Springer-Verlag Berlin Heidelberg 2012

Abstract Recent research on traumatic brain injury (TBI)
has shown that impairments in cognitive and executive
control functions are accompanied by a disrupted neural
connectivity characterized by white matter damage. We
constructed binary and weighted brain structural networks in
21 patients with chronic TBI and 17 healthy young adults
utilizing diffusion tensor tractography and calculated topo-
logical properties of the networks using a graph theoretical
method. Executive function was assessed with the local
global task and the trail making task, requiring inhibition,
updating, and switching. The results revealed that TBI
patients were less successful than controls on the executive
tasks, as shown by the higher reaction times, higher switch
costs, and lower accuracy rates. Moreover, both TBI patients
and controls exhibited a small world topology in their white
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matter networks. More importantly, the TBI patients dem-
onstrated increased shortest path length and decreased global
efficiency of the structural network. These findings suggest
that TBI patients have a weaker globally integrated structural
brain network, resulting in a limited capacity to integrate
information across brain regions. Furthermore, we showed
that the white matter networks of both groups contained
highly connected hub regions that were predominately
located in the parietal cortex, frontal cortex, and basal gan-
glia. Finally, we showed significant correlations between
switching performance and network property metrics within
the TBI group. Specifically, lower scores on the switching
tasks corresponded to alower global efficiency. We conclude
that analyzing the structural brain network connectivity
provides new insights into understanding cognitive control
changes following brain injury.

Keywords Diffusion tensor imaging - Graph theoretical
analysis - Executive functioning - Structural network -
Traumatic brain injury

Abbreviations

DAI  Diffuse axonal injury
DTI  Diffusion tensor imaging
FA Fractional anisotropy
LGL Local global task

TBI  Traumatic brain injury

TMT Trail making task
WM  White matter
Introduction

Traumatic brain injury (TBI) is a non-degenerative, non-
congenital insult to the brain from an external mechanical
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force, possibly leading to permanent or temporary impair-
ment of cognitive, physical, and psychosocial functions, with
an associated diminished or altered state of consciousness
(Timmons 2012). TBI can result from multiple causes,
including motor vehicle accidents, bicycle accidents, falls,
and sport injuries. TBIis a major cause of death and disability
worldwide, especially in children and young adults (Kraus
and McArthur 1996; Sosin et al. 1996), demanding early and
accurate diagnosis, assessment of severity, and prognostica-
tion of likely outcomes. Specifically, each year, TBI con-
tributes to a substantial number of deaths (an average
mortality of about 15 per 100,000 in Europe) and a high
number cases of permanent disability (an incidence rate of
about 235 per 100,000 in Europe) (Bruns and Hauser 2003;
Maas et al. 2008; Tagliaferri et al. 2006). Hence, the burden
on public health and social care is substantial (Thurman et al.
1999). Neurobehavioural deficits associated with cognition
are often the cause of significant disability after TBI
Observed cognitive changes that follow TBI, even years after
injury, can include decreased mental flexibility, trouble
shifting sets, impaired attention, poor planning, lack of
organization, problems with sequencing, impaired judgment,
deficits in verbal fluency, problems with working memory,
as well as increased impulsivity (Levin and Kraus 1994;
Godefroy 2003). These persistent dysfunctions arise from
diffuse axonal injury (DAI), which damages the integrity of
the white matter (WM) tracts that connect brain regions.

Diffusion tensor imaging (DTI) provides a validated and
sensitive way of identifying the impact of DAI (Levin
2003). The relationship between cognitive impairment after
TBI and white matter damage has been established in
previous studies, such that greater white matter pathology
predicts greater cognitive deficits (Kinnunen et al. 2011;
Kraus et al. 2007; Niogi et al. 2008a, b; Kennedy et al.
2009). However, these studies have typically focused on a
limited number of brain locations defined by regions of
interest, such as the superior longitudinal fasciculus, corpus
callosum, cingulum fibre bundles etc. (Kraus et al. 2007,
Niogi et al. 2008a, b; Kennedy et al. 2009). This approach
is a sensitive way of identifying white matter damage, but
it is restricted to assessment of a priori defined regions.
Accordingly, only a small amount of the total white matter
is usually investigated. Moreover, as executive control
depend on the coherent activity of widely distributed net-
works, such an approach limits analysis of the structural
causes of cognitive deficits. Network-based measures of
structural connectivity can be more sensitive to alterations
that are less apparent in gross structure (i.e., WM integrity)
because they consider each region’s integration into the
global unit rather than as an independent entity. Thus, to
obtain novel information about neural communication
pathways, it is also important to explore the characteristics
of the brain network in TBI patients.
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Recent studies have suggested that the human white
matter network, reconstructed with diffusion MRI trac-
tography, can be characterized quantitatively with a graph
theoretical analysis (for reviews, see Bullmore and Sporns
2009). However, apart from two recent DTI network
studies, one on healthy young adults (17-33 years) (Li
et al. 2009) and the other on elderly people (72-92 years)
(Wen et al. 2011), no study currently exists in which DTI
network properties have been related to cognitive functions
in TBI adults. In the present study, we used DTI-based
fiber tractography to reconstruct the human brain WM
networks of 21 TBI and 17 control participants, followed
by a graph theoretical analysis. Given widespread impaired
connections previously reported in TBI, we hypothesized
that patients with TBI would show a decreased structural
connectivity in the white matter networks.

In particular, we examined correlations of brain (sub)
cortical structural connectivity with executive function
performance. Two executive control tasks were applied,
one based on the empirical constructs and the other one on
more clinical measures. The first task, the local global task
(LGT), has been used as a research tool to investigate the
ability to suppress attention to the more salient aspects of
perceptual displays (Navon 1977). The second one, the trail
making task (TMT), is a neuropsychological test that
involves motor speed and attentional control and is used
diagnostically as a test of frontal lobe functioning (e.g.,
Demakis 2004; Gouveia et al. 2007).To use the set of
executive control components identified by Miyake et al.
(2000), both tasks require inhibition (ignore misleading
cues), updating (monitor display in the context of current
instructions), and switching (adjusting response according
to current rule). Moreover, in both tasks, the presence of
conflict creates conditions in which the executive demands
can be increased (switch trials) or reduced (repeat trials).

We hypothesized that (1) patients with TBI would per-
form more poorly than controls on the switch trials, and
that (2) these executive control deficits would correlate
with decreases in structural connectivity, underscoring the
functional significance of the connectivity metrics.

Materials and methods
Participants

Thirty-eight adults participated in the study, including 21
patients with moderate to severe TBI (mean age = 25
years 6 months; SD = 5 years 4 months; 15 males and 6
females), who had sustained closed head trauma due to
traffic accident or sport injury that averaged 4 years
3 months before the study (SD = 2 years 5 months), and
17 control subjects (mean age = 25 years; SD = 1 year
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8 months; 8 males and 9 females). The TBI patients were
classified according to the Mayo Classification System for
traumatic brain injury severity as ‘moderate-to-severe’
based on the several factors: the post resuscitation Glasgow
Coma Scale (Teasdale and Jennett 1974) (only available
from four patients, M = 7.8, range = 4-12), the duration
of loss of consciousness (30 min or more), the length of
post-traumatic amnesia (>1 day), the anatomical features
of the injury based on the inspection by an expert neuro-
radiologist (see below), and the injury mechanism (traffic
accidents and falls), or combinations thereof. Exclusion
criteria were as follows: neurosurgery, except for invasive
intracranial pressure monitoring; a history of psychiatric or
neurological illness prior to the head injury; a history of
previous traumatic brain injury; anti-epileptic medication;
current or previous drug or alcohol abuse; or contraindi-
cation to MRL

The structural MRI scans (see below) were inspected
and classified by an experienced neuro-radiologist (S.S.)
using the scheme of Adams et al. (1989), which allows the
identification of three grades of diffuse axonal injury (see
Table 1). In grade 1, there is evidence of axonal injury in
the white matter of the cerebral hemispheres, the corpus
callosum, the brainstem and, less commonly, the cerebel-
lum; in grade 2, there is also a focal lesion in the corpus
callosum; and in grade 3 there is also a focal lesion in the
dorsolateral quadrant or quadrants of the rostral brain stem.
The median severity score of the TBI patients was 2
(range = 0-2.5). Demographic and neurologic variables
are provided in Table 1. The 17 control subjects had nor-
mal medical histories and MRI scans were rated as being
“normal” by a radiologist. All subjects were right handed
(laterality quotient: TBI: mean = 81, range = 22-100;
control: mean = 92; range = 60-100) as verified by the
Edinburgh Handedness Inventory (Oldfield 1971). The
study was approved by the local ethics committee for
biomedical research. Informed consent was obtained from
each patient or from the patient’s first-degree relatives.

Behavioral testing

Assessment of executive function was performed using two
tasks, one based on the empirical constructs, i.e. the LGT,
and the other used in more clinical applications, i.e. the
TMT.

Local global task (LGT)

Participants performed the LGT (derived from Miyake
et al. 2000) with their right hand. The target stimulus (as
shown in Fig. 1) consisted of a “global” square or rect-
angle, composed of much smaller “local” squares or
rectangles. Each trial began with the presentation of a

prime cue, indicating to which dimension to attend. The
global dimension was cued by a big square, to the left of
the stimulus, and a big rectangle to the right. For the local
dimension, the same square and rectangle appeared, only
smaller. After a random cue-target interval of 400-600 ms,
the target stimulus was presented. Both the cue and the
target stimulus remained on the screen until a participant
responded, or until 2,500 ms had elapsed. Participants were
required to identify the relevant target stimulus dimension
and press one key with their index finger for squares and
another with their middle finger for rectangles (Fig. 1). The
interval between a response and the presentation of the next
trial varied randomly between 900 and 1,100 ms. The
experiment comprised two unidimensional blocks, and one
switch block. In the unidimensional blocks, participants
attended to either the global cues or the local cues. The
order was counterbalanced across participants. In the third
switch block, the target stimulus dimension alternated
every other trial (i.e., two “local” trials, followed by two
“global” trials, etc.). When the prime cues changed, the
participants had to switch from responding to the local
dimension to the global dimensions of the target stimulus,
and vice versa. A short amount of practice was given to
ensure the instructions were understood (four trials for each
unidimensional block, and 816 trials for the switch block).
The experiment consisted of 24 trials in each pure block,
and 49 trials in the switch block. Variables of interest were
RT and accuracy on repetition trials and on switch trials,
and switch cost (=RT switch trial —RT repetition trial).
The whole task took about 15 min.

Trail making task (TMT)

The TMT has been extensively researched and has dem-
onstrated its usefulness for assessing cognitive compromise
in a variety of clinical populations. The TMT is also well
established as a sensitive measure of cognitive problems
associated with traumatic brain injury (e.g., Axelrod et al.
2001; Guilmette et al. 1999; Stuss et al. 2001). This neu-
ropsychological test consists of two parts, Trails A and
Trails B. In Trails A, letters from A to Y are distributed
across the page and participants are asked to draw lines
connecting the letters from the alphabet in the right order,
without lifting the pencil from the page. In Trails B, the
page contains the numbers from 1 to 12 and letters from A
to L and participants must connect the symbols by alter-
nating the sequence between numbers and letters, that is,
A-1-B-2-C-3...L-12. The experimenter explained each task
and participants completed a practice version containing
fewer items. The dependent variables were the time to
complete Parts A (connecting letters from the alphabet in
the right order) and B (connecting numbers and letters in
sequential order) separately, plus a switch cost calculated
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Table 1 Summary of demographic and injury characteristics for the TBI group. Anatomy codes

TBI patient age/ Age at GCS Acute scan within 24 h after injury MRI scan at examination Severity
gender injury score Lesion location/pathology Lesion location/pathology score
TBI 1 27.6/F/RH 25.2 TL contusion, (R) PL haemorrhage, Drain tract (R), (L) FL and TL contusion 2
(L) FL intraparenchymateus
haemorrhagic contusion, subdural
haematoma
TBI 2 22.9/F/RH 21.3 (R) FL haemorrhage, (L) FL/TL and Drain tract (R), haemosiderin deposits 1
(L) PL and (R) orbito-frontal cortex (R) PL and (R) orbito-frontal cortex
contusion
TBI 3 22.5/M/RH  17.6 (L) FL shearing injuries, splenium and (R) FL contusion 1
body corpus callosum contusion
TBI 4 28.1/M/RH  18.6 12 FL contusion, (L) FL subdural Drain tract (L), FL contusion 1.5
haematoma, (L) TL and (R) PL
haemorrhage
TBI 5 17.9/F/RH 12.9 Contusion (location not specified in - 0
available records)
TBI 6 30.8/M/RH  24.8 (L) FL/PL contusion FL shearing injuries periventricular 1
white matter
TBI 7 34.6/M/RH  28.9 (R) amygdala and basal ganglia and (L) TL contusion 1
(R) PL haemorrhage, (L) FL
inflammatory changes
TBI 8 16.8/M/RH 9.1 8 (L) TL and (L) FL punctiform and Orbito-fronal cortex contusion, enlarged 1
(R) mesencephalon contusion, (L) FL ventricles
and (L) thalamus haemorrhagic injuries
TBI 9 33.8/M/RH 279 Drain tract (R), thalamus injury, corpus 2.5
callosum shearing injuries, (R) FL and
(L) inferior FL and (R) OL contusion
TBI 10 26.9/F/RH  23.9 FL injuries Drain tract (L), PL and OL/PL and FL and 1
(R) TL shearing injuries, slightly
enlarged ventricles
TBI 11 28.3/F/RH  21.9 FL and (L) TL perfusion deficits Drain tract (R), wide extended FL 2
contusion, cerebellar atrophy
TBI 12 22.3/M/RH 19.1 Contusion and DAI (location not specified (L) thalamus and (L) TL and (L) orbito- 2
in available records) frontal cortex and (L) FL and (R) FL
and central sulcus shearing injuries
TBI 13 31.7/M/RH 29.6 (L) FL/TL haemorrhage and DAI, FL and TL and (R) orbito-frontal cortex and 2
TL/OL shearing injuries (R) inferior FL contusion, corpus
callosum degeneration, asymmetric
ventricles, (L) PL shearing injury
TBI 14 16.7/M/RH 14.5 Enlarged (R) lateral ventricle, Drain tract (R), (L) corpus callosum and 2
(R) haematoma occipital horn lateral thalamus and (R) PL and (L) FL and
ventricle, hyperdensity (L) thalamus (R) TL shearing injuries, occipital horn
and PL/TL, (LH) shearing injuries lateral ventricle asymmetrically
enlarged
TBI 15 28.1/M/RH 18.4 Haemosiderin deposits corpus callosum,  Drain tract (R), (R) periventricular white 2
DAL, ischaemic injury (L) occipital horn =~ matter FL and thalamus injuries, corpus
of lateral ventricle callosum degeneration
TBI 16 27.9/M/RH 24.9 7 (L) thalamus and (L) periventricular and  Drain tract, (L) thalamus and corpus 2
corpus callosum and brainstem and TL callosum and (L) TL shearing injuries
shearing injuries
TBI 17 30.9/M/RH 28.3 Lesion and location not specified in Drain tract (R), (L) inferior TL contusion, 2
available records (L) anterior cingulate and (R) FL and
central sulcus shearing injuries
TBI 18 24.1/M/RH 21.8 (L) FL haematoma, FL intraparenchymal Drain tract (R), orbito-frontal cortex and 2
haemorrhage, subarachnoidal bleeding (L) cerebellum contusion
TBI 19 19.2/M/RH 16.5 Lesion and location not specified in Drain tract (R), corpus callosum 2

available records

degeneration, central sulcus and SMA
and corpus callosum shearing injuries
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Table 1 continued

TBI patient age/ Age at GCS Acute scan within 24 h after injury MRI scan at examination Severity

gender injury score Lesion location/pathology Lesion location/pathology score

TBI 20 26.3/M/RH  23.6 Contusion location not specified in Corpus callosum and body nucleus 2
available records caudatus shearing injury

TBI 21 20.6/F/RH  18.1 4 Diffuse axonal injuries, (L) FL/TL/PL FL and (R) PL contusion, orbito-frontal 2

subdural haematoma, FL contusion,
injuries corpus callosum

cortex shearing injuries, enlarged
ventricles

RH right hemisphere, LH left hemisphere, FL frontal lobe, 7L temporal lobe, PL parietal lobe, OL occipital lobe, R right, L left
Other codes: TBI traumatic brain injury, MRI magnetic resonance imaging, RH right-handed, M male, F female, GCS Glasgow coma scale score

by subtracting time to complete part A from part B. The
task took less than 10 min to administer.

MRI data acquisition

Diffusion tensor images were acquired with a 3-T Mag-
netom Trio MRI scanner (Siemens, Erlangen Germany)
using a twice refocused single shot spin echo sequence
with the following parameters (Jones and Leemans 2011):
slice thickness = 2.9 mm; repetition time = 7,200 ms,
echo time = 81 ms, number of diffusion directions = 64,
diffusion weighting = 1,000 s/mm? number of sagittal
slices = 56, in-plane resolution = 2.2 x 2.2 mm? with
field of view of 210 x 210 mm’.

Moreover, for all subjects a high-resolution T1-weighted
structural image was acquired using magnetization pre-
pared rapid gradient echo for anatomical detail (repetition
time = 2,300 ms, echo time = 2.98 ms, in-plane resolu-
tion I x 1 mm? with field of view of 240 x 256 mm?, 160
sagittal slices with 1.1 mm thickness). These structural
MRI scans were investigated by an expert neuro-radiologist
to indicate location and type of pathology (e.g., shearing,
haemorrhage) and identify the degree of diffuse axonal
injury (Table 1).

Construction of structural networks

One structural network was generated for each subject
using the subject’s DTI data. In graph theory, a network
is defined as a set of nodes (denoting anatomical regions)
and interconnecting edges (denoting structural connec-
tions between cortical and subcortical regional nodes)
(Bullmore and Sporns 2009). Because DTI tractography
does not differentiate between efferent and afferent fibers,
the reconstructed graphs were all undirected. We describe
here some of the major steps that we went through from
DTI processing to compute the topological metrics of the
graph.

DTI preprocessing

The DTI data were analyzed and processed in ExploreDTI
(Leemans et al. 2009), as described previously (Cae-
yenberghs et al. 2010a, b, 2011): (a) Subject motion and
eddy-current induced geometrical distortions were cor-
rected (Leemans and Jones 2009) (b) the diffusion tensors
were calculated using a non-linear regression procedure
(Basser and Pierpaoli 1996), and (c) DTI data were trans-
formed to MNI space.

White matter tractography

Specifically, for each individual dataset, WM tracts of the
brain network were reconstructed using a deterministic
streamline fiber tractography approach (Basser et al. 2000).
Fiber pathways were reconstructed by defining seed points
distributed uniformly throughout the data at 2 mm isotro-
pic resolution and by following the main diffusion direc-
tion (as defined by the principal eigenvector) until the fiber
tract entered a voxel with FA < 0.20 or made a high
angular turn (angle >45 deg) considered to be not ana-
tomically plausible. The step size was set at 1 mm.

Network construction

The whole-brain fiber tract reconstructions of the previous
step were parcellated using the automated anatomical
labeling atlas (AAL, Tzourio-Mazoyer et al. 2002). This
procedure of defining the nodes has been previously
described in Bassett and colleagues (2011). Using this
procedure, we obtained 116 cortical and subcortical regions
(58 for each hemisphere), each ROI of the AAL template
representing a node of the network (see Figs. 2, 3), and the
edges between each pair of nodes reflecting the corre-
sponding reconstructed white matter tract.

Inter-regional connectivity was then examined by
determining the percentage of tracts (number of fiber
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Fig. 1 Local global task. Each
trial started with a cue,

Global

indicating whether attention had e

to be paid to the global or local
level. When the stimulus
appeared, subjects had to
rapidly decide whether the
relevant level consisted of
squares or rectangles

Local

connections normalized for the total number of tracts)
between any two masks (i.e. any two regions of the AAL
template). This value became the edge weight in the con-
nectivity matrix.

In the main analysis, a weighted graph approach was
used. To test the role of the weighting on possible orga-
nizational differences between the brain network of
patients and healthy controls, an additional test was per-
formed in which the weighting was omitted from the
analysis. For each individual dataset, all non-zero weights
(i.e., all connections) were set to one and to zero otherwise
(van den Heuvel et al. 2010). The end result of this pro-
cedure was an unweighted binary network. Thus, for each
participant, there were two different kinds of WM networks
(‘percentage of tracts’ and binary), each of which was
represented by a symmetric 116 x 116 matrix.
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Graph theory analysis

We investigated the properties of the structural network at
the global and regional (nodal) levels using the Brain
Connectivity Toolbox (Rubinov and Sporns 2010; https://
www.sites.google.com/a/brain-connectivity-toolbox.net/bct/),
quantifying the network architecture in terms of the small-
worldness, normalized clustering coefficient, normalized
path length, characteristic shortest path length, clustering
coefficient, strength, and global efficiency. We described
the regional properties in terms of local efficiency and
betweenness centrality. Based on the constructed structural
network, we looked for significant differences in global and
nodal properties between the TBI children and controls. In
the Supplemental Material, we only provide brief, formal
definitions of each of the network properties used in this
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Fig. 2 Flow chart of constructing a DTI-based network. First, for
each DTI dataset a whole brain deterministic tractography b was
performed using ExploreDTI (see “Materials and methods”). The
AAL template, consisting of 116 unique brain regions (c—d), was then
used to segment the fiber bundles between each pair of ROIs. In e, an
example of cortical regions and the WM fibers, linking the right

study. For more details and in-depth discussion of these
metrics, the interested reader is referred to Rubinov and
Sporns (2010).

Statistical analysis

For completion times of the TMT, a 2-way ANOVA
(Group x Trail type) was performed. Trail type consisted
of two levels, i.e., Trails A (Letters) and Trail B (Letters/
numbers). Group contained two levels, i.e. TBI and control
group. To determine the between-group differences in
switch cost, a two-sample 7 test was performed. The anal-
ysis of the reaction times of the LGT were subjected to a
repeated-measures ANOVA with factors Group (TBI,

anterior cingulate gyrus with the right posterior cingulate gyrus. We
next determined the percentage of tracts between each pair of regions
of the AAL template, resulting in the 116 x 116 connectivity matrix
(f). Next, from the resulting brain network g overall organizational
characteristics and node-specific organizational characteristics were
computed and compared between patients and healthy controls

controls), Cue condition (Global, Local), and Switch con-
dition (Switch, Repeat). Significant main and interaction
effects were further explored by post hoc tests using
Tukey’s correction. For the switch cost and accuracy rate
of the LGT, two-sample ¢ tests were performed for com-
paring the TBI group with the age matched control group.

Statistical comparisons of all network measures (i.e.
small worldness, normalized clustering coefficient, nor-
malized path length, characteristic shortest path length,
clustering coefficient, strength, global efficiency, and local
efficiency) between the two groups were performed using
two-sample ¢ tests.

To determine whether the network organization in TBI
was correlated with performance on the executive function
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Fig. 3 Cortical and subcortical regions (58 in each hemisphere; 116 in total) as anatomically defined by a prior template image in standard

stereotaxic space

tasks, we calculated Pearson’s correlation coefficients of
the network parameters against the behavioral parameters.
Bonferroni’s corrections for multiple comparisons were
made, hence p.,, < 0.0004 was considered significant
following correction for the node-specific analyses
regarding the 116 ROIs. The grades of diffuse axonal
injury were also used to assess relationships between the
topological properties and severity score. To this end, we
applied the Spearman’s rank correlation within the TBI
group. All statistical analyses were performed with the
Statistica software (StatSoft, Inc).

Results
Behavioral performance
Instrumented task: local global task (LGT)

For reaction times of the local and global trials in the LGT,
there were significant main effects of Cue condition
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[F(1,33) = 5.78, p < 0.05], and Group [F(1,33) = 4.50,
p < 0.05] (Fig. 4a). Global level information (608 + 25
ms) was processed faster than information of local trials
(642 £ 31 ms), and the controls (567 £ 40 ms) responded
faster than the TBI patients (683 & 37 ms). The interaction
between the two factors was not significant.

For reaction times of the repeat and switch trials, there
were significant main effects of Switch condition
[F(1,33) = 11.35, p < 0.01], with longer reaction times for
the switching trials, and Group [F(1,33) = 4.58, p < 0.05],
with TBI patients responding more slowly compared with
controls. Moreover, there was a significant interaction
effect between the two factors [F(1,33) = 7.21, p < 0.01]
(Fig. 4a). Post hoc (Tukey) testing revealed only a signif-
icant difference between the switch (708 + 41 ms) and
repeat (659 + 34 ms) trials within the TBI group.

The mean accuracy rate (of the switch trials) and switch
cost (switch reaction time—repeat reaction time) also dif-
fered significantly between the TBI patients (accuracy:
mean = 92.3 %;range = 70.8-100 %, switch cost: mean =
48.2 ms; range = —33.3-197.5 ms) and the controls
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Fig. 4 Behavioral task
performance. a Reaction time of
the different trial types of the
local global task; b completion
time of Trails A and B of the
trail making task; ¢ switch cost
of the local global task; and
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(accuracy: mean = 97.9 %; range = 87.5-100 %; switch
cost: mean = 5.4 ms; range = —48.9-58.8 ms), accu-
racy: #(33) = 2.36, p < 0.05, switch cost: #(33) = —2.68,
p < 0.01) with the lower accuracy scores and higher switch
cost in the TBI subjects indicating poorer switching per-
formance than in the controls, as shown in Fig. 4b.

Clinical test: trail making task (TMT)

In the TMT, a 2-way ANOVA showed that controls (mean:
46.34 £ 4.61 s) performed faster than TBI patients (mean
60.54 £ 4.15s) on all conditions, F(1,36) = 5.24,
p < 0.05 (Fig. 4c). There was also a difference between
Trails A (Letters, mean: 37.09 + 2.24 s) and Trails B
(Letters/Numbers, mean: 69.79 4 4.45 s), F(1,36) = 95.8,
p < 0.001. The interaction between Group and Trail type
reached marginal significance, F(1,36) = 3.09, p = 0.09.
Finally, values of switch cost tended to be higher in the
TBI group, t(36) = —1.76, p = 0.09 (Fig. 4d).

Small world topology

Using graph theoretical analysis, we showed that the WM
structural networks of both groups exhibited a much higher
local interconnectivity of the nodes (normalized clustering
coefficient, y > 1) (TBI group: mean = 1.44, SD = 0.16;
control group: mean = 1.37, SD = 0.06) and an equivalent
shortest path length between any pair of nodes (normalized
path length, A =~ 1) (TBI group: mean = 0.96, SD = 0.03;
control group: mean = 0.97, SD = 0.02), compared with
the matched random networks. The small worldness
(o = y/A) calculated from these indices was also larger

Letters/Numbers

than 1 (TBI group: mean = 1.51, SD = 0.20; control
group: mean = 1.42, SD = 0.04). Furthermore, the overall
normalized path length A did not differ between patients
and healthy controls (p = 0.52). We only found a mar-
ginally increased local interconnectivity (p = 0.09) in the
structural network of the TBI patients. In summary, TBI
patients displayed prominent small-world values close to
the values of the brain network of healthy controls.

TBI-related alterations

Using two-sample ¢ tests, we found that the weighted
clustering coefficient and connectivity strength, showed no
significant differences between the TBI and control groups
(all p’s > 0.05). The absence of these group effects sug-
gests that local connectivity is relatively intact in TBI.

However, we observed that TBI networks had
increased weighted characteristic shortest path length
[1(36) = —2.64, p < 0.01] in WM networks as compared
to the controls. For efficiency measurements, the local
and global efficiency were computed. When compared
with the controls, WM networks of TBI patients showed
no significant changes in the local efficiency (p > 0.05),
but showed significantly reduced global efficiency
[#(36) = 2.95, p < 0.01]. These results imply that the
global organization of WM networks of TBI patients is
significantly altered.

Identification of hubs

Structural network analysis estimated for TBI and controls
revealed that both groups exhibit hubs. In particular, 12
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hub regions were shared by both groups, such as the
bilateral precuneus, bilateral superior parietal gyrus, right
superior frontal gyrus, and left middle occipital gyrus.
These hubs are predominantly located in the regions of the
association cortices that receive convergent inputs from
multiple cortical regions (Mesulam 1998). These results are
consistent with those from previous studies in healthy
controls (Hagmann et al. 2008; Iturria-Medina et al. 2008;
Gong et al. 2009) and patient groups (Shu et al. 2009).

The bilateral thalamus, bilateral putamen, and bilateral
caudate nuclei were also identified as hub regions for both
groups. These regions comprised the main nuclei of the
basal ganglia, associated with a variety of functions,
including set shifting, switching, and stopping behaviour
(Aron and Poldrack 2006; Coxon et al. 2010; Forstmann
et al. 2012). Of note, two brain regions, the left superior
frontal gyrus and the right insular cortex, were identified as
hubs in the control group, but not in the TBI group. Two
other brain regions, the left pallidum and left middle
temporal gyrus, were identified as hubs in the TBI group
but not in the control group.

Correlation between network parameters of the WM
structural network and executive function variables
in the TBI group

We next examined the relationships between the efficiency
metrics and cognitive performance. We considered only the
efficiency metrics as network properties in these analyses,
because these measures have been suggested to be impor-
tant measures in graph theory analysis (Rubinov and
Sporns 2010). If any significant correlation was found
between global efficiency and performance on the switch-
ing tasks, we conducted region-specific correlation analy-
ses between nodal efficiency and behavioral performance.
Bonferroni’s corrections for multiple comparisons were
made, hence p.., < 0.0004 was considered significant
following correction for the node-specific analyses
regarding the 116 ROIs.

In the control group, none of the executive performance
variables showed significant correlations with the network
metrics. The following descriptions focus on the results in
the TBI group.

Local global task

A significant negative correlation was found between glo-
bal efficiency and switch cost of the LGT (r = —0.50,
p < 0.05). In other words, a decrease in global efficiency
was associated with lower switching performance (i.e.,
higher switch cost) in the TBI group. In nodal character-
istics, we observed significant negative correlations
between switch cost of the LGT and nodal efficiency
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of the right hippocampus (r = —0.76), left postcentral
gyrus (r = —0.78), and left cerebellar lobule Crus II (r =
—0.73).

The reaction time of all trial types of the LGT was also
significantly related to mean global network efficiency
(global trials: r = —0.60, p < 0.01, local trials: r = —0.59,
p < 0.01, repeat trials: r = —0.58, p < 0.01, switch trials:
r = —0.61, p < 0.01). Hence, faster performance on the
LGT was associated with a higher global efficiency.

Furthermore, node-specific correlation analyses showed
that reaction time of the switch trials was significantly
negatively correlated with the nodal efficiency of the right
superior frontal gyrus (r = —0.73), right middle frontal
gyrus (r = —0.74), right inferior frontal gyrus (pars
opercularis: r = —0.75; pars triangularis: r = —0.74),
right hippocampus (r = —0.80), left middle occipital gyrus
(r = —0.75), left postcentral gyrus (r = —0.78), right
supramarginal gyrus (r = —0.76), right precuneus (r =
—0.75), and right thalamus (r = —0.74) (Fig. 5).

Reaction time of the repeat trials was significantly cor-
related with the nodal efficiency of the left middle occipital
gyrus (r = —0.74). In addition, we found that the reaction
time of the local trials was significantly negatively corre-
lated with the nodal efficiency of the right superior frontal
gyrus (r = —0.75), right middle frontal gyrus (r = —0.77),
right inferior frontal gyrus (pars opercularis: » = —0.75),
right hippocampus (r = —0.77), left postcentral gyrus
(r = —0.76), right supramarginal gyrus (r = —0.77), right
precuneus (r = —0.74), and right thalamus (r = —0.74).

Finally, there were significant negative correlations
between the reaction time of the global trials and nodal
efficiency of the right inferior frontal gyrus (pars triangu-
lar: r = —0.75), left middle occipital gyrus (r = —0.78),
and right hippocampus (r = —0.78).

There was no significant correlation between the net-
work efficiency parameter and the accuracy score of the
LGT.

Trail-making task

First, we found that the switch cost of the TMT was sig-
nificantly negatively correlated with the global efficiency
(r = —0.46, p < 0.05). This score was also significantly
negatively correlated with the nodal efficiency of the right
medial part of the superior frontal gyrus (r = —0.73).
Moreover, there was a significant negative correlation
between global efficiency of the network and completion
time of both Trails A (letters, r = —0.64, p < 0.001) and
Trails B (letters/numbers, r = —0.57, p < 0.01) with
higher global efficiency being related to better performance
(i.e. lower completion time) on the TMT. In nodal char-
acteristics, we found that there was a significant negative
correlation between completion time of Trails A (letters)
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Fig. 5 Reaction time of the switch trials versus regional efficiency
for the binary networks of the 116 brain regions (58 in each
hemisphere). Upper panel controls, lower panel TBI patients. Size of
the ROIs (spheres) represents absolute value of the correlation

and nodal efficiency of the right superior frontal gyrus
(r = —0.72), left paracentral lobule (r = —0.71), and right
supramarginal gyrus (r = —0.74). Secondly, completion
time of Trails B (letters/numbers) was significantly nega-
tively correlated with the nodal efficiency of the right
medial part of the superior frontal gyrus (r = —0.74), left
paracentral lobule (r = —0.70), and right supramarginal
gyrus (r = —0.72).

Relationship between injury severity and network
properties in the TBI patients

No significant correlations were found between injury
severity and the graph metrics in the patient group or with
the node-specific graph metrics even when using an
exploratory uncorrected threshold (p < 0.05). From this, it
is clear that severity score did not explain our findings.

Discussion

We investigated the white matter networks of TBI patients
and healthy controls using DTI tractography and graph
theoretical approaches. Both groups exhibited small-world
properties in their white matter networks. However, the
global efficiency was significantly decreased in the patients

coefficient. The colors of the nodes refer to: yellow significant after
correction for multiple comparisons, p < 0.0004, blue not significant,
p > 0.0004

when compared with controls. The decreases in efficiency
were associated with poorer switching task performance.
Together, our data show disrupted topological organization
of white matter networks in patients with TBI, which could
be responsible for the observed cognitive control deficits in
these patients.

Executive control deficits in TBI patients

The behavioral results showed that the information of the
easy conditions (Trails A, repeat trials, global trials) was
processed faster than the information from the difficult
conditions (Trails B, switch trials, local trials). This general
pattern of results has been reported previously in normal
subjects (Miyake et al. 2000). Here, we extend these
observations to TBI patients.

In addition, controls outperformed TBI patients on all
conditions of the switching tasks. This pattern extends
previously reported differences in performance on execu-
tive function tasks by TBI patients (Draper and Ponsford
2008; Levin and Kraus 1994; Scheid et al. 2006) to two
other tasks, one of which is commonly used for neuro-
psychological assessment (TMT), and the other based on
the empirical constructs (local global task).

The healthy controls completed the executive control
tasks more rapidly than the TBI patients. This speed
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advantage was not only found for the traditionally
demanding conditions, but also for the conditions not
usually considered to be cognitively demanding, which are
not considered to involve conflict. Although there is no
inhibition required in the simpler conditions, other demands
are required, such as effortful attention to complex stimuli,
visual search, visual perceptual ability, monitoring, motor
speed, invoking executive control. These results suggest that
even simple conditions of the TMT and LGT involve some
level of effortful processing for TBI patients. McAllister and
colleagues (2001) have suggested that patients with TBI are
less able to efficiently match available processing resources
(which may be unimpaired) to the task demands. Conse-
quently, they may over-commit processing resources to tasks
without enhancing performance.

Group differences in the structural brain network

The human brain is a large, dynamic system with an optimal
balance between local specialization and global integration
(Bullmore and Sporns 2009). Although TBI patients showed
an overall small-world topology, a significant decrease of
network connectivity was found. Specifically, patients dis-
played a significantly increased characteristic shortest path
length. The path length of a node expresses how close it is
connected globally to other nodes of the network, with
shorter path lengths reflecting higher levels of efficient
access to information (Rubinov and Sporns 2010). The
average inverse shortest path length is a related measure
known as the global efficiency (Latora and Marchiori 2001),
which is the most commonly used measure of functional
integration (Achard and Bullmore 2007). Our TBI patients
showed strong decreases in global efficiency.

Furthermore, the absence of group effects on strength
and clustering coefficient marks the fact that TBI does not
strongly affect the local connectivity or local organization
of the brain network, indicating that the effects on global
efficiency and shortest path length are likely to be related
to organizational effects rather than just reduced local
connectivity. In other words, our findings tend to suggest
that TBI affects the global organization of the brain net-
work. Structural networks of patients with schizophrenia
also exhibited decreases in global connectivity profile,
rather than effects on local organization (van den Heuvel
et al. 2010). This demonstration of global topology and
efficiency alteration of the brain network as a whole in TBI
patients supports the notion of TBI as a ‘disconnection
syndrome’ from a network perspective (Guye et al. 2010).
Changes in topology have also been found in animal
models of mild TBI (Patel et al. 2012). Thus, the present
study complements clinical and experimental studies of
TBI and emphasizes the vulnerability of the brain network
as a whole.
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Using functional network analyses derived from fMRI
task-related data, our previous study of graph theory has
demonstrated increases of ‘functional connectivity’ in TBI
patients, as shown by higher values of connectivity degree
and local efficiency (Caeyenberghs et al. 2012). Further-
more, the increased connectivity degree was significantly
correlated with poorer switching task performance and
more severe brain injury. We suggest that higher functional
connectivity (i.e., a better synchronization between activity
levels across neural network nodes) may be directly related
to a poorer structural connectivity in TBI patients. Further
studies on the association between structural and functional
connectivity will be helpful to further clarify this issue.

Behavioral relevance of network alterations in TBI

In this study, significant negative correlations between
executive functioning and the global efficiency of the
networks were found in the TBI group. In other words, TBI
patients with decreased efficiency in white matter networks
displayed lower performance on the LGT and the TMT (i.e.
higher switch cost, increased reaction times).

Many previous studies in TBI patients have related
executive functioning to different structural and functional
properties of the brain. Using voxel-based morphometry
methods, Gale and colleagues (2005) revealed correlations
between lower scores on cognitive tests and decreased grey
matter concentration in multiple brain regions including
frontal and temporal cortices, cingulate gyrus, subcortical
grey matter, and the cerebellum. Moreover, our previous
functional imaging study (Leunissen et al. 2012) showed
that the neural circuitry supporting executive functioning
(motor switching) was altered after TBI and that this
altered functional engagement was related to behavioural
performance across TBI patients and controls. Finally, DTI
studies have shown reduced fractional anisotropy values in
the whole brain and specific tracts and regions. In these
studies, significant correlations between DTI metrics and
cognitive functioning have been identified, such that
increased WM pathology predicts greater cognitive deficits
(e.g. Kraus et al. 2007; Kennedy et al. 2009; Salmond et al.
2006). Although none of these previous studies investi-
gated the issue from the perspective of the brain network,
they can nonetheless provide indirect support for our cur-
rent findings.

Previously unreported, we have now shown associations
between executive deficits and structural brain organization
in TBI patients from a network perspective. To our
knowledge, only two studies have examined the relation-
ship between topological parameters and cognitive func-
tioning. Li and colleagues (2009) demonstrated that higher
intelligence scores corresponded to a shorter characteristic
path length and a higher global efficiency of the structural
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network in healthy adults. Another study reported that
several cognitive domains, including processing speed,
memory, language, visuospatial, and executive functions,
were associated with efficiency of the structural brain
network of elderly people (Wen et al. 2011). Taken toge-
ther, our findings support the previous observations that
cognitive control processes are dependent on the fidelity of
the underlying white matter to facilitate the rapid and error-
free transmission of data between different brain regions.

Node-specific correlation analyses performed within the
TBI group revealed significant correlations between the
switching performance test scores and the local efficiency
of multiple brain regions, including cortical regions located
in the parietal, occipital, temporal, and frontal lobes, as
well as subcortical structures such as the thalamus, hip-
pocampus and cerebellum.

First, performance on the LGT was significantly related
to efficiency within the (dorsolateral) prefrontal regions of
the structural brain network, including the middle frontal
gyrus. The switching tasks in our study required flexible
adjustments of behavior and adaptations to sudden chan-
ges, which are an expression of executive functioning
(Gilbert and Burgess 2008). Moreover, the functional MRI
activations involved in motor task switching (Coxon et al.
2010; Leunissen et al. 2012), including the dorsolateral
prefrontal cortex, are consistent with our finding of a
relation between improved performance on the switching
tasks and higher efficiency in the prefrontal regions. Higher
efficiency within the right inferior frontal cortex was also
associated with shorter reaction times on the LGT. This
region has a role in the attentional capture of salient stimuli
(Sharp et al. 2010) and is a critical node in the inhibition
network (Aron and Poldrack 2006).

Secondly, the performance on the switching tasks was
also correlated with nodal efficiency of parietal regions,
including the right precuneus and right supramarginal gyrus.
Recent data have supported that these regions are involved in
top-down attention and visuospatial processing to maintain
the information in short-term memory (Behrmann et al.
2004; Cavanna and Trimble 2006; Hester et al. 2005). This is
consistent with the notion that executive functions are sup-
ported by a superordinate cognitive control network,
including parietal regions (Niendam et al. 2012).

Third, the correlation analyses provided evidence that
deficits in switching are related to lower efficiency in the
occipital, i.e. left middle occipital gyrus, and sensorimotor
regions, including the right superior frontal gyrus (corre-
sponding to the dorsal premotor cortex), right medial
superior frontal gyrus (corresponding to the supplementary
motor area), left paracentral lobule, and left postcentral
gyrus. This is consistent with the notion that both the TMT
and LGT require precise motor control based on the online
processing of visual information.

Finally, performance on the switching tasks was also
significantly correlated to nodal efficiency in subcortical
structures, such as the left cerebellum Crus II, right hip-
pocampus, and right thalamus. Contemporary clinical
studies suggest that the posterior cerebellum contributes to
complex cognitive operations (e.g., Schmahmann et al.
2007). A recent meta-analysis showed that executive tasks
(such as N-back tasks or mental rotation tasks) activate
regions of Crus II (Stoodley and Schmahmann 2009).
Furthermore, it was found that cognitive impairments occur
when posterior cerebellar lesions affect Crus II, disrupting
prefrontal-cerebellar loops (Stoodley and Schmahmann
2010). The hippocampus supports not only the encoding
and retrieval of certain memory representations, but also
their translation into adaptive behavior (Bast 2007). The
hippocampus appears to combine: (1) sensory afferents and
synaptic mechanisms underlying certain types of rapid
learning; and (2) links to behavioral functions, including
executive functions. The thalamus is also known to gate
and mediate many cognitive functions (Carrera and
Bogousslavsky 2006; Sidaros et al. 2009). Moreover, thalamic
lesions have been associated with a decrease in executive
function with larger lesions associated with greater deficits
(Kubat-Silman et al. 2002; Van der Werf et al. 2000). A
previous DTT study has also found a correlation between
executive function and fractional anisotropy in the thalamic
nuclei (Little et al. 2010). These findings further emphasize
the role of subcortical-cortical pathways in executive
functioning that has previously only been ascribed to
cortico-cortical circuits, such as the anterior cingulate-
prefrontal loop (Ide and Li 2011).

All these node-specific results are consistent with pre-
vious findings that short paths in the brain network assure
effective integrity or rapid transfer of information between
and across remote regions that are believed to constitute the
basis of cognitive functioning (Sporns and Zwi 2004).

Clinical relevance

The presented method of DTI in combination with the
calculated network parameters could make these tech-
niques a promising adjunctive tool to improve TBI diag-
nostics/prognosis and for follow-up of cognitive deficits.
Future work might include efforts using graph theoretical
measures to quantify how therapeutically effective treat-
ments (i.e. cognitive training) remediate topologically
suboptimal network configurations in TBI patients.

Methodological considerations and limitations
First, testing patients with TBI introduces a number of

methodological factors that may affect interpretation of
results: TBI is a heterogeneous disease with multiple
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deficits that evolve over time. In addition, findings will
likely be affected by the time of testing relative to the time
of injury (as indicated in Table 1). However, the group was
relatively homogeneous in terms of injury mechanism and
neuropathology (DAI). Moreover, each control was care-
fully selected to match the patient’s demographics (age).

Second, in this study, we employed a deterministic
tractography approach (Basser et al. 2000; Mori et al.
1999) to define the edges of the structural network. How-
ever, it has been shown recently that there are many brain
regions with complex fiber architecture, also referred to as
“crossing fibers” (Jeurissen et al. 2012; Tournier et al.
2011). The tracking procedure may terminate prematurely
when it reaches regions with fiber crossings as low frac-
tional anisotropy values may be encountered (Mori and van
Zijl 2002). This will result in the loss of some existing
fibers, and hence some edges of the network. In this con-
text, tractography approaches based on the more advanced
diffusion models, such as diffusion spectrum magnetic
resonance imaging (DSI) (Wedeen et al. 2005, 2008) or
high angular resolution diffusion imaging (HARDI) with
Q-ball reconstruction of multiple fiber orientations (Hess
et al. 2006; Tuch 2004; Jeurissen et al. 2011) may provide
more accurate anatomical connectivity patterns of brain
networks for solving the fiber crossing problem.

Another limitation of tractography, especially for long
distance fiber bundles, is erroneous tracking results due to
noise and resolution limitations (Mori and van Zijl 2002).
In addition, a deterministic tracking algorithm can typically
only progress when there is a high certainty of fiber
direction, limiting their usefulness in reaching parts of the
brain close to the gray matter. In the future, it might be
more meaningful to use probabilistic tractography algo-
rithms, including the uncertainty of each fiber orientation
in the tracking procedure and establishing the spatially
distributed degree of connection confidence across the
whole brain to a given start point (e.g., Behrens et al. 2007,
Descoteaux et al. 2009; Jeurissen et al. 2011). These
probabilistic tractography algorithms have already been
successfully applied in previous graph theoretical studies
in healthy adults (Gong et al. 2009; Iturria-Medina et al.
2008, 2011) and clinical populations (Li et al. 2012;
Vaessen et al. 2012).

Third, percentage of tracts was used to weight the edges
in the calculation of the connectivity matrices and conse-
quently the graph metrics. Other definitions of edge weight,
such as fractional anisotropy, mean diffusivity, level of
myelination, and the number of fibers have previously been
used (e.g., Gong et al. 2009; Hagmann et al. 2010; Vaessen
et al. 2012; van den Heuvel et al. 2010). Currently, no
consensus prevails which weighting factor in the con-
struction of the graphs is the most representative measure
of structural connectivity. To test the robustness of our

@ Springer

results, we also constructed networks weighted by frac-
tional anisotropy and mean diffusivity values. The results
of those networks were comparable with those of the pre-
sented WM networks (percentage of tracts and binary).

Finally, newer gradient echo imaging methods have
further improved the detection of susceptibility-related
effects of haemorrhagic shearing injury, such as suscepti-
bility weighted imaging (SWI) (Grados et al. 2001; Tong
et al. 2003, 2004). Because SWI is much more sensitive in
detecting haemorrhagic DAI, more accurate data can be
obtained to objectively assess the severity of injury. The
extent of detected haemorrhage can provide long-term
neurological and behavioral prognostic information. Fur-
ther studies correlating the abnormalities seen on SWI with
graph metrics need to be done to better define the neuro-
imaging correlates of cognitive disorders.

Conclusions

In the present study, we used diffusion tensor tractography
and graph theoretical analyses to investigate TBI-related
changes in the topological efficiency in white matter
structural networks. We found that when compared with
controls, patients with TBI had a reduced global efficiency
in their brain network. Furthermore, this reduction was
correlated with lower performance on the switching tasks.
Thus, our results suggest a disrupted integrity in the large-
scale brain systems in TBI patients and provide structural
insights into the TBI connectome.
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